REMARKS 



I. Status of Claims 

Claims 1-16 are pending and stand rejected under 35 U.S.C. §103. The specific grounds 
for rejection, and applicants' response thereto, are set out in detail below. 

II. Rejection Under 35 U.S.C. §103 

Claims 2, 3 and 9-16 are rejected under §103 as obvious over Esmon and Kurosawa eta 

ah in further view of Hirsh et ah According to the examiner, Esmon discloses that hirudin, a 

specific thrombin inhibitor, blocked thrombin mediated increases in circulating EPCR, and that 

circulating EPCR levels are thus a surrogate for thrombin levels. Moreover, the examiner points 

to the following passage: 

This [monitoring of plasma EPCR] could prove useful in monitoring the progression of 
cardiovascular disease or the effectiveness of therapeutic interventions in these [human] 
patients. 

Esmon at page 255. From this, it is concluded that the reference adequately discloses the use of 
sEPCR assays to monitor the effectiveness of anticoagulant therapies. Kurosawa et ah is cited as 
teaching the detection of sEPCR by ELIS A of patient plasma. Hirsh is cited for teaching various 
anticoagulant therapies, and measuring the effectiveness of the anticoagulant therapy. 
Applicants traverse. 

As discussed in the previous response, the cited passages from Esmon refer to the studies 
by Gu et ah (2000) in which endotoxin or thrombin treatment elevated soluble EPCR levels in a 
rat experimental model. These are inflammatory mediators in sepsis, and the effect of thrombin 
was blocked by hirudin, a specific thrombin inhibitor. By way of discussing their results, both 
Gu et ah and Esmon extrapolated these observations in a rat model to the human condition by 
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stating that monitoring plasma EPCR levels may indicate thrombin-mediated large vessel disease 
activity, and might prove useful to monitor disease progression or effectiveness of therapeutic 
interventions in these patients. 

However, the study described in Gu et al (2000) was designed to investigate the 
mechanism by which soluble EPCR is generated using an in vivo model. It was not designed to 
investigate how soluble EPCR levels change in patients as a result of anticoagulant therapy. 
Their data predicts that soluble EPCR levels may be linked to thrombin production in humans, 
but they do not test the prediction. They do not show data from patients or other humans in their 
study 

The need for conducting studies in humans is at the crux of the rejection, namely, the lack 
of likelihood of success in practicing the claimed invention based only animal studies. In re 
Vaeck, 20 USPQ2d 1438 (Fed. Cir. 1991). The rejection is based on the assertion that 
observations on sEPCR levels in a rat experimental model are predictive of levels in the human 
condition. The scientific literature contains examples in which this is true, and others in which 
this prediction is not true. Thus, there is an inherent caveat absolutely required for interpretation 
of data collected in an animal model, namely, that such data are clearly representative of the 
animal model, but may not be representative of similar response in humans (or other animal 
models for that matter). 

The examiner dismissed applicants' previous arguments by concluding that the argument 
is simply "not persuasive." The examiner again pointed to the previously quoted portion of 
Esmon, and further noted that mutations in both human and murine thrombin genes can lead to 
thrombosis. However, the binding of thrombin to its receptor, which initiates signaling and the 
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production of sEPCR, is distinct from its clotting function, which is an acellular phenomenon. 
Thus, this observation is not particularly relevant. 

Giudici et al (1999) is cited in this same vein, as teaching that both human and mice can 
be protected from sepsis by antithrombin. In fact, Giudici et al did not report that humans can 
be protected from sepsis by antitrhombin, with the results of the trial being very disappointing. 
All that this paper demonstrates is that antithrombin therapy may be effective in only a very 
small sub-population of patients with sepsis. This sub-population is very closely defined as 
patients with all of (a) sepsis, (b) septic shock, (c) requiring hemodynamic support and (d) 
antithrombin levels <70% of normal at the time of admission. This is not merely "patients with 
sepsis." Furthermore, there was no difference between placebo or antithrombin treatment on 
overall mortality beyond 30 days. From a clinical perspective, the patient sub-population 
affected was so narrowly defined as to be useless on a practical basis. As a result, antithrombin 
therapy is not recommended for use in sepsis. 

Nonetheless, the examiner concludes that though "animal models are not ... exact 
replicas for human responses, but ... have and continue to serve as valuable models for many 
human diseases/conditions." Clearly, rodents provide valuable information regarding human 
disease states. That is not the issue here. The question is whether one can extrapolate from the 
animal studies of Esmon such that there would be reasonable predictability in a comparable 
human system. In order to more fully understand the issue, applicants wish to provide a more 
detailed discussion of the invention and it's development. 

As discussed, the invention relates to measuring soluble EPCR in humans. The inventors 
are the first to show that soluble EPCR levels in are related to thrombin levels. The soluble 
EPCR seen in the human assay is released from the membrane-bound parent by 
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metalloproteinase activity. The metalloproteinase activity is up-regulated through a series of 
cellular signaling events arising from thrombin's interaction with cells that express EPCR. 
These receptors are called protease-activated receptors (PARs), of which several have now been 
identified. 

The important point to be made about PARs is that humans utilize PAR-1 and PAR-4. 
Kahn et al (1999; attached). In contrast, mice do not have PAR-1, and use PAR-3 and PAR-4 
instead (Kahn et al, 1998). 1 Thus, the inventors were prompted to perform the experiments 
described in the instant patent application because the they were aware that thrombin receptors 
differed between mice and humans (not to mention other species) and the signaling pathways 
are, therefore, different. See, for example, Connolly et al (1994; attached). Thus, the results of 
Esmon, though interesting, did not provide a priori predictability with regard to sEPCR levels 
and thrombin activity in humans. This point was made in the previous response, and the 
examiner did not address this key issue. Thus, applicants submit that because mice and humans 
(not to mention other species) have different PAR receptors, there was no reason to believe that 
what Esmon showed was true for thrombin-thrombin receptor interactions in a mice would 
predictably translate to humans. This unrebutted fact is far more relevant than the examiner's 
citations. 

Moreover, the examiner has improperly dismissed the impact of genetic variability on the 
results seen here. Murine populations used for studies like those described by Esmon et al are 
inbred. While that may not have a significant impact in certain situations (for example, 
orthotopic cancer models), it most certainly has an impact when dealing with the complicated 
response seen with regard to sepsis and clotting. Even where positive results are seen in mice, 

1 With regard to PAR-2, the distinction between species is not clear, and PAR-2 is used by many enzymes other than 
thrombin. 
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there is a need to confirm the results in human, and the literature is replete with examples where 
the murine results could not be confirmed in humans. 

In sum, applicants submit that a fair review of the record indicates that the examiner 
arguments in favor of extrapolating from mice to humans in the context of thrombin and sEPCR 
are far less compelling than applicants' arguments to the contrary. On this basis, it is submitted 
that there was an insufficient likelihood of success in practicing the claimed invention, and 
therefore no prima facie case of obviousness exists. Reconsideration and withdrawal of the 
rejection based on the preceding discussion is respectfully requested. 

III. Conclusion 

In light of the foregoing, applicants submit that all claims are in condition for allowance, 
and an early notification to that effect is earnestly solicited. Should the examiner have any 
questions regarding this response, a telephone call to the undersigned is invited. 




Respecrafully submitted, 



.StevenlL. Highlander 
Rog^o. 37,642 
Attorney for Applicants 



FULBRIGHT & JAWORSKI L.L.P. 



600 Congress Avenue, Suite 2400 
Austin, Texas 78701 
(512) 474-5201 



Date: 



May 20, 2005 
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Because of the role of thrombin and platelets in myocardial infarction and other pathological process- 
es, identifying and blocking the receptors by which thrombin activates platelets has been an important 
goal. Three protease-activated receptors (PARs) for thrombin — PARI, PAR3, and PAR4 — are now 
known. PARI functions in human platelets, and the recent observation that a PAR4-activating peptide 
activates human platelets suggests that PAR4 also acts in these cells. Whether PARI and PAR4 account 
for activation of human platelets by thrombin, or whether PAR3 or still other receptors contribute, is 
unknown. We have examined the roles of PARI, PAR3, and PAR4 in platelets. PARI and PAR4 mRNA 
and protein were detected in human platelets. Activation of either receptor was sufficient to trigger 
platelet secretion and aggregation. Inhibition of PARI alone by antagonist, blocking antibody, or desen- 
sitization blocked platelet activation by 1 nM thrombin but only modestly attenuated platelet activa- 
tion by 30 nM thrombin. Inhibition of PAR4 alone using a blocking antibody had little effect at either 
thrombin concentration. Strikingly, simultaneous inhibition of both PARI and PAR4 virtually ablated 
platelet secretion and aggregation, even at 30 nM thrombin. These observations suggest that PARI and 
PAR4 account for most, if not all, thrombin signaling in platelets and that antagonists that block these 
receptors might be useful antithrombotic agents. 

/. Clin. Invest 103:879-887 (1999). 



Introduction 

Platelet activation is critical for normal hemostasis, and 
platelet-dependent arterial thrombosis underlies most 
myocardial infarctions. Thrombin is the most potent 
activator of platelets (1, 2). Characterization of the recep- 
tors that mediate thrombin's actions on platelets is 
therefore necessary for understanding hemostasis and 
thrombosis. Moreover, such receptors are potential tar- 
gets for novel antiplatelet therapies. 

Thrombin signaling is mediated at least in part by a 
family of G protein-coupled protease-activated receptors 
(PARs), for which PARI is the prototype (3, 4). PARI is 
activated when thrombin cleaves its NH2-terminal 
exodomain to unmask a new receptor NH 2 -terminus (3). 
This new NH2-terminus then serves as a tethered peptide 
ligand, binding intramolecularly to the body of the 
receptor to effect transmembrane signaling (3, 5, 6). The 
synthetic peptide SFLLRN, which mimics the first six 
amino acids of the new NH 2 -terminus unmasked by 
receptor cleavage, functions as a PARI agonist and acti- 
vates the receptor independent of proteolysis (3, 7, 8). 
Such peptides have been used as pharmacological probes 
of PAR function in various cell types. 

Our understanding of the role of PARs in platelet acti- 
vation is evolving rapidly. PARI mRNA and protein were 
detected in human platelets (3, 9-11), SFLLRN activat- 



ed human platelets (3, 7, 8), and PARl-blocking anti- 
bodies inhibited human platelet activation by low, but 
not high, concentrations of thrombin (9, 10). These data 
suggested a role for PARI in activation of human 
platelets by thrombin but left open the possibility that 
other receptors might contribute. 

Curiously, PARI appears to play no role in mouse 
platelets. PARl-activating peptides did not activate 
rodent platelets (12-14), and platelets from PAR1- 
deficient mice responded like wild-type platelets to 
thrombin (14). This observation prompted a search 
for additional thrombin receptors and led to the iden- 
tification of PAR3 (15). PAR3 is activated by thrombin 
and is expressed in mouse platelets. PAR3-blocking 
antibodies inhibited mouse platelet activation by low, 
but not high, concentrations of thrombin (16), and 
knockout of PAR3 abolished mouse platelet respons- 
es to low, but not high, concentrations of thrombin 
(17). These results established that PAR3 is necessary 
for normal thrombin signaling in mouse platelets but 
also pointed to the existence of another mouse 
platelet thrombin receptor. Such a receptor, PAR4, 
was recently identified (17, 18). PAR4 appears to func- 
tion in both mouse and human platelets (17). Thus, 
available data suggest a testable working model in 
which PAR3 and PAR4 mediate thrombin activation 
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of mouse platelets and PARI and PAR4 mediate acti- 
vation of human platelets. The role of PAR3, if any, in 
human platelets has not been determined. More 
broadly, the relative roles of PARI, PAR3, and PAR4, 
and whether still other receptors also contribute to 
platelet activation by thrombin, are unknown. 

To determine the roles of PARI, PAR3, and PAR4 in 
activation of human platelets by thrombin, we examined 
expression of receptor mRNA and protein in platelets 
and probed receptor function with specific peptide ago- 
nists. We also examined the effect of receptor desensiti- 
zation, receptor-blocking antibodies, and a PARI antag- 
onist, used alone and in combination, on platelet 
activation. Our results suggest that PARI and PAR4 
together account for most, if not all, thrombin signaling 
in human platelets. PAR3, while important for thrombin 
signaling in mouse platelets, appears to have little or no 
role in human platelets. These results are potentially 
important for the development of antiplatelet therapies. 

Methods 

Measurement of PAR mRNA levels by competitive reverse transcription- 
PCR Dami cells (19) were grown in suspension in RPMI with 
10% FBS. Platelet preparations (17) contained <0.1% leukocytes 
as assessed by light microscopic analysis. A discontinuous Per- 



coll gradient was used to separate monocytes and lymphocytes 
from neutrophils, according to the manufacturer's instructions 
(Pharmacia Biotech Inc., Piscataway, New Jersey, USA). The 
monocyte/lymphocyte preparations contained <0.1% neu- 
trophils, and the neutrophil preparations contained <0.1% 
monocytes or lymphocytes. Total RNA was prepared from all 
cells using Trizol Reagent (G1BCO BRL, Grand Island, New 
York, USA), treated with DNase (Boehringer Mannheim, Indi- 
anapolis, Indiana, USA), and quantified by OD 260. 

Competitor RNA templates for each receptor were created by 
mutating the respective cDNA to ablate an endogenous restric- 
tion endonuclease site (see below), and competitor RNAs were 
generated by in vitro transcription. Reverse transcription (RT) 
reactions were performed using 200 ng of total cellular RNA 
mixed with varying amounts of competitor RNA in a 10-ul 
reaction volume using a commercial kit (GIBCO BRL) and 
receptor specific primers (see below). RT product (2 ul) was 
amplified by PCR in a 50-|il volume containing a final concen- 
tration of 2 uM primers (see below) and 5 U Taq polymerase 
(GIBCO BRL). Reaction conditions were 94° C for 4 min, 72° C 
for 1 min with addition of Taq, then 94° C for 45 s, 55 °C for 1 
min, 72 °C for 1 min for 30-36 cycles (see below), and then 
72 °C for 8 min. Cycle numbers and concentration ranges for 
competitor RNAs were chosen for each sample in preliminary 
experiments. The number of cycles chosen for measurement of 
PARI, PAR2, PAR3, and PAR4 mRNA levels, respectively, in 
RNA from the various sources follows. 
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Figure 1 

Expression of mRNAs encoding PARI, PAR2, PAR3, and PAR4 in platelets, Dami cells, and neutrophils, (a) Competitive RT-PCR of total RNA from 
platelets, Dami cells, and neutrophils. Total cellular RNA (200 ng) mixed with the indicated quantity of competitor RNA (measured in attomoles) 
was reverse-transcribed and amplified. Products were digested with a restriction endonuclease to distinguish the products of competitor RNA (uncfeav- 
able upper band) vs. native cellular mRNA (lower band). RT indicates mock RT-PCR of total cellular RNA and the highest amount of competitor RNA 
with no reverse transcriptase added. Each sample was analyzed at least twice. Note that the single band seen in the platelet PAR3 RT-PCR is due to 
amplification of competitor RNA. (b) Quantitation of PAR mRNAs in platelet, Dami cell, neutrophil, and monocyte/lymphocyte preparations. Results 
indicate the range of values obtained from at least two experiments like that shown in a . 1 amol/200 ng corresponds to an mRNA relative abundance 
of roughly 1 :3,000. The expression of PAR mRNA in the platelets of two unrelated individuals is shown, (c) Northern blot analysis of PAR gene expres- 
sion in Dami cells. Blots were hybridized separately with coding region probes for PARI, PAR2, PAR3, or PAR4, as well as with probe for fj-actin 
mRNA as a control for lane loading. Note concordance with PCR data in b. PAR, protease-activated receptor; RT t reverse transcription. 
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Platelets: 31, 36, 36, 36; neutrophils: 36, 27, 31, 36; mono- 
cytes/lymphocytes: 3 1, 3 1, 33, 36; and Dami cells: 30, 32, 32, 33. 

Primers used for RT and PCR of each receptor and the restriction 
endonuclease used to digest each PCR product. Nucleotide number- 
ing is such that 1 equals the A of the start ATG. 

PARI, GenBank accession no. M62424: Primer for RT: TAG 
ACG TAC CTCTGG CACTC (1148-1129). Sense-strand primer 
for PCR: CAG TIT GGG TCT GAA TTG TGT CG. Antisense 
primer for PCR: TGC ACG AGC TTA TGC TGC TGA C Result- 
ing PCR product: 505-1096.Mutated site: Agel at position 596. 

PAR2, GenBank accession no. U34038: Primer for RT: CTG 
CTC AGG CAA AAC ATC (699-682). Sense-strand primer for 
PCR TGG ATG AGT TTT CTG CAT CTG TCC. Antisense 
primer for PCR: CGT GAT GTT CAG GGC AGG AAT G. Result- 
ing PCR product: 182-672. Mutated site: Sfil at position 342. 

PAR3 GenBank accession no. U92972: Primer for RT: TGA 
TGT CTG GCT GAA CAA G (727-709). Sense-strand primer for 
PCR: TCC CCT TTT CTG CCT TGG AAG. Antisense primer 
for PCR: AAA CTG TTG CCC ACA CCA GTC CAC. Resulting 
PCR product: 152-664. Mutated site: Ncoi at position 251. 

PAR4, GenBank accession no. AF080214: Primer for RT: TGA 
GTA GCT GGG ATT ACA G (1519-1501). Sense-strand primer 
for PCR: AAC CTC TAT GGT GCC TAC GTG C. Antisense 
primer for PCR: CCA AGC CCA GCT AAT TTT TG. Resulting 
PCR product: 949-1490. Mutated site: BamHl at position 1005. 

After PCR amplification, 10 |ll of reaction product was 
digested overnight with the appropriate restriction endonucle- 
ase and analyzed by 1.5% agarose gel electrophoresis. The prod- 
ucts of reactions that included only native mRNA were com- 
pletely cleaved by the appropriate restriction endonuclease, 
while the products of reactions that included only competitor 
RNA remained undigested (Fig. 1 and data not shown). By 
adding varying amounts of competitor RNA to total cellular 
RNA before RT-PCR and determining the competitor RNA 
concentration at which the intensity of the competitor RNA- 
derived product (uncleaved band) matched that of the endoge- 
nous mRNA-derived product (cleaved band), the quantity of 
each PAR mRNA in the original sample was estimated. 

Northern blot analysis. Poly(A) + RNA (2 ng) derived from Dami 
cells was electrophoresed, transferred to nitrocellulose mem- 
branes, and hybridized under high-stringency conditions. PARI 
mRNA was detected with a 400-bp Pstl/PmU cDNA probe; PAR2 
mRNA was detected with a 260-bp Sfil/BstEU cDNA probe; PAR3 
mRNA was detected with a 6 1 0-bp Kpnl/Nsil cDNA probe; PAR4 
mRNA was detected using a 45 0-bp Sacl/Pstt cDNA. 

Generation and characterization of PAR polyclonal antibodies. The 
synthetic peptides GGDDSTPSILPAPRGYPGQVC (PAR4 amino 
acids 34-55), AKPTLPIKTFRGAPPNSFEEFPFSALEGC (PAR3 
amino acids 31-58 plus carboxyl glycine-cysteine) and NATLD- 
PRSFLLRNPNDKYEPFWEDEEGC (PARI amino acids 35-61 
plus carboxyl glycine-cysteine) were conjugated to keyhole limpet 
hemocyanin and used to generate polyclonal antisera in rabbits. 
IgG was purified by protein-A affinity chromatography to gen- 
erate the PAR4, PAR3, and PARI IgG preparations used in this 
study. Binding of these IgGs and PAR4 preimmune IgG to each 
receptor was tested on COS cells transiently expressing FLAG 
epitope-tagged receptors using an enzyme-linked imrnunosor- 



Figure 2 

Flow cytometric analysis of platelets for surface expression of PARI , PAR3, and PAR4. Fixed platelets were incu- 
bated with preimmune IgG {narrow lines) or PARI IgG (a) t PAR3 IgG (6), or PAR4 IgG (c) (wide lines) and then 
analyzed as described in Methods, (d) Platelets were incubated with PAR4 IgG in the absence (wide line) or pres- 
ence (thin line) of the peptide antigen (1 uM) used to generate the PAR4 antiserum, or after treatment with 20 
nM thrombin for 10 min at 37 °C (dotted line). Each curve represents an analysis of 10,000 events. This experi- 
ment was repeated twice with separate donors with equivalent results, (e) Flow cytometric analysis of Dami cells 
as a positive control for detection of PAR3. Fixed Dami cells were incubated with preimmune IgG (narrow line) or 
PAR3 IgG (wide line) and then analyzed as above. Dami cells were also positive for PARI and PAR4 (not shown). 



bent assay (EUSA) (16, 20). cDNA for an epitope-tagged human 
PAR4 analogous to FLAG epitope-tagged PARI was construct- 
ed as described previously (15, 20) such that the FLAG epitope 
was fused to amino acid 22 in PAR4 to yield the following 
sequence: ... DYKDDDDVE/TPSVYD ... (where the slash indi- 
cates the junction with PAR4 sequence). 

Flow cytometry. Washed platelets (17) and Dami cells were 
fixed with paraformaldehyde, incubated with PARI or PAR3 
IgG at 10 M-g/ml or PAR4 IgG at 100 [ig/ml, washed, incubated 
with FITC-conjugated goat anti -rabbit IgG, washed, and then 
analyzed in a FACSCalibur flow cytometer (Becton Dickinson 
Immunocytometry Systems, San Jose, California, USA). Some 
fixed platelet samples were exposed to 30 nM thrombin at 37 °C 
before incubation with primary antibody. 

Functional studies in Xenopus oocytes. FLAG epitope-tagged 
PAR4 cDNA was subcloned into pFROG (3) to permit in vitro 
transcription of PAR4 cRNA. Signaling studies were performed 
in Xenopus oocytes microinjected with 2.0 ng of PAR4 cRNA or 
25 ng of PARI cRNA per oocyte (3, 21). 

Platelet aggregation and secretion. Aggregation and secretion were 
measured using washed human platelets (17). For desensitiza- 
tion studies, platelets resuspended from the first platelet pellet 
were incubated with SFLLRN (100 UM) or GYPGKF (500 ^M) 
in the presence of prostaglandin Ei (PGEi) at room temperature 
for 30 min without stirring then washed by centrifugation (17). 




Fluorescence 
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For functional studies with PARI or PAR4 antibody, washed 
platelets were incubated with antibody or preimmune IgG for 
60 min before measurement of secretion and aggregation. PARI 
antagonist was added to stirring platelets 1-2 min before the 
addition of thrombin or other agonists. 

Measurement of receptor cleavage by thrombin. Rat-1 fibroblasts 
were stably transfected with FLAG epitope-tagged PARI and 
PAR4 expression vectors (22), and cleavage of surface receptors 
was followed as described previously (20). 

Measurement of PARI and PARA signaling. A Pari'/' mouse lung 
fibroblast cell line that showed no thrombin signaling (14, 23) 
was used to generate stable cell lines expressing FLAG epi- 
tope-tagged PARI and PAR4. Increases in cytoplasmic calcium 
in response to thrombin were measured using the calcium-sen- 
sitive dye Fura-2 as described previously (14). 

Results 

Expression of PAR tnRNAs in platelets and other blood celk To 
validate an RT-PCR assay for PAR mRNAs, Dami cells, a 
human cell line that expresses some megakaryocyte mark- 
ers (19), were analyzed. Competitive RT-PCR of Dami cell 
RNA (Fig. 1, a and b) revealed the presence of PARI, PAR3, 
and PAR4 mRNA; PAR2 mRNA was also detected but at 
only 1% the level of PARI mRNA. Northern analysis was 
positive for PARI, PAR3, and PAR4 but not PAR2 (Fig. lc). 
At the protein level, PARI, PAR3, and PAR4 were detected 
on the surface of Dami cells by flow cytometry (Fig. 2, and 
data not shown). Thus, results from RT-PCR were gener- 
ally concordant with Northern and protein analysis. 

Competitive RT-PCR of platelet RNA revealed PARI 
mRNA to be present at approximately 1 amol/200 ng total 
RNA. Assuming mRNA is 1% of total platelet RNA and an 
average mRNA size of 2 kb, PARI mRNA represents 1 in 
3,000 platelet mRNAs. PAR4 mRNA was also detected at 
10%-30% of PARI mRNA levels. By contrast, PAR3 mRNA 
was undetectable. PAR3 competitor RNA added to 



platelet RNA was detected at 0,001 amol/200 ng total 
RNA, suggesting that PAR3 mRNA was at least 1,000-fold 
less abundant than PARI mRNA in these samples. PAR2 
mRNA was not detected in platelet RNA from one indi- 
vidual (no. 2), and only 0.001 amol/200ng was detected in 
the other (no. 1). The latter measurement may be due to 
trace contamination of the platelet preparation by neu- 
trophils (see below), consistent with the observation that 
the specific PAR2 agonist peptide SLIGKV is unable to 
activate human platelets (data not shown). 

The pattern of PAR mRNA expression in neutrophils 
and mononuclear cells was distinct from that seen in 
platelets, suggesting that contamination of platelet 
preparations by leukocytes did not significantly influ- 
ence the PAR expression pattern detected in platelets. In 
particular, while virtually absent from platelets, sub- 
stantial PAR2 mRNA was detected in both neutrophils 
and mononuclear cells. The relatively high PAR2 mRNA 
level in neutrophils is consistent with previous studies 
demonstrating neutrophil responses to PAR2-activating 
peptide (24). In contrast to platelets, PAR3 mRNA was 
consistently detected at low levels in mononuclear cells. 
PAR4 mRNA was also found in mononuclear cell prepa- 
rations but not in neutrophils. These results demon- 
strate the presence of mRNA encoding PARI and PAR4, 
but not PAR2 or PAR3, in human platelets. 

Expression of PAR proteins on the surface of human platelets. 
IgG was purified from rabbit antisera raised to peptides 
representing the NH 2 -terminal exodomains of PARI, 
PAR3, or PAR4. To assess ability to recognize native 
PARs and cross-reactivity, antibody binding to the sur- 
face of receptor-expressing COS cells was measured. 
Each IgG preparation bound to the surface of cells 
expressing the appropriate receptor without significant 
cross- reactivity (data not shown). 
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Figure 3 

Effects of PARI - and PAR4-activating peptides, (a) Speci- 
ficity and potency. Peptide-triggered 45 Ca release was 
measured in Xenopus oocytes expressing human PARI and 
human PAR4 tagged at their NH 2 -termini with a FLAG 
epitope. Data are mean ± SEM (n - 3) and are expressed 
as fold increase over baseline for each receptor. Surface 
expression of PARI measured with anti-FLAG mono- 
clonal antibody was 1.3 times that of PAR4. This experi- 
ment was replicated twice, (b-d) Activation of human 
platelets with the PARI -activating peptide SFLLRN and 
the PAR4-activating peptides GYPGKF and GYPGQV. (b) 
Platelets were exposed to either SFLLRN (10 uM) or 
GYPGKF (500 UM) or GYPGQV (1 mM) at time 0, and 
aggregation was measured as change in light transmis- 
sion, (c) SFLLRN-desensitized platelets (see Methods) 
were exposed to either SFLLRN (500 LlM) or GYPGKF 
(500 |lM) at time 0, and aggregation was measured as 
change in light transmission, (d) GYPGKF-desensitized 
platelets (see Methods) were exposed to either SFLLRN 
(500 ^lM) or GYPGKF (500 LlM) at time 0, and aggrega- 
tion was measured as change in light transmission. The 




experiments in b, c, and d were repeated three times. time (min) time (min) 
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Figure 4 

Inhibition of thrombin cleavage of receptor NH2-terminus by anti-PAR1 
and anti-PAR4 antibodies. Rat-1 cells expressing PARI and PAR4 bear- 
ing the FLAG epitope at their extreme Nh^-termini were fixed and then 
incubated with PARI IgC (P7; 100 Ug/ml), PAR4 IgG (P4\ 1 mg/ml), or 
buffer alone for 60 min before exposure to either 1 or 30 nM thrombin 
for 1 0 min at 37 °C Receptor cleavage was measured as loss of binding 
sites for M1 monoclonal antibody to the FLAG epitope, which was NH2- 
terminal to the thrombin cleavage site in both receptors, so as to be lost 
from the cells upon receptor cleavage. Data (mean ± SEM; n - 3) are 
expressed as percent of control cells exposed to buffer alone. This exper- 
iment was repeated twice. 
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These IgG preparations were then used for flow cyto- 
metric analysis of human platelets (Fig. 2). Significant sur- 
face binding was detected with PARI IgG vs. preimmune 
IgG (Fig. 2a), consistent with previous studies (9, 1 1, 25, 
26). A similar increase in platelet surface binding was 
detected with PAR4 IgG vs. PAR4 preimmune IgG (Fig. 
2c). Preincubation of PAR4 IgG with the peptide antigen 
to which it was raised abolished this increase (Fig. 2d). 
Moreover, the epitope to which the PAR4 antiserum was 
raised spans PAR4's thrombin cleavage site, and treatment 
of platelets with thrombin indeed abolished PAR4 IgG 
binding (Fig. 2d). These data strongly suggest that PARI 
and PAR4 are expressed on the surface of human platelets. 

PAR3 immune IgG showed no specific binding to human 
platelets (Fig. 2b). To determine whether this antibody 
preparation could detect PAR3 expressed at "natural" lev- 
els, this experiment was repeated with Dami cells (Fig. 2e, 
and data not shown), which had been shown by Northern 
blot to express PAR3 mRNA (Fig. 1). A significant increase 
in antibody binding was seen with PAR3 antibody vs. non- 
immune IgG, consistent with RT-PCR and Northern blot 
analysis (Fig. 1). This suggests that the absence of detectable 
PAR3 protein on the surface of human platelets is not due 
to insensitivity of the assay. Taken together, these data con- 
firm the presence of PARI and PAR4, but not PAR3, on the 
surface of human platelets. 

Activation of human platelets by PARI- and PAR4-activating 
peptides. Synthetic peptides that mimic the tethered lig- 
ands of PARI and PAR2 function as agonists for their 
respective receptors (3, 7, 8) and have been used as phar- 
macological tools to probe the function of these recep- 
tors in various cell types. Unfortunately, the cognate pep- 
tide for PAR3 appears to be insufficiently avid to function 
as a free ligand (15). We and others (17, 18) recently 
showed that a peptide mimicking the tethered ligand for 
PAR4 can function as an agonist for that receptor, albeit 
at a concentration higher than that seen with the PARI 
and PAR2 peptides and their cognate receptors . To deter- 
mine the specificity of the PARI and PAR4 tethered lig- 
and peptides, we first assessed their ability to trigger cal- 
cium mobilization in Xenopus oocytes heterologously 
expressing PARI and PAR4, our most sensitive assay sys- 
tem (Fig. 3a). No responses were detected in oocytes 
expressing neither receptor (not shown). Both the human 
PAR4 peptide GYPGQV and the mouse PAR4 peptide 
GYPGKF activated oocytes expressing human PAR4, but 



with an EC 50 roughly two orders of magnitude higher 
than that of SFLLRN for PARI activation (Fig. 3a and ref. 
17). SFLLRN showed no activity at PAR4. At 500 jiM, the 
PAR4 peptide GYPGKF did show minimal activity at 
PARI. However, because PARI is overexpressed such that 
the sensitivity for detection of PARI activation in the 
oocyte assay is 10- to 100-fold greater than in platelets, it 
is likely that PARI activation at 500 |XM GYPGKF is 
unimportant in the platelet studies described below. 

The PARI peptide SFLLRN and the PAR4 peptides 
GYPGKF and GYPGQV all activated human platelets 
(Fig. 3b). The PAR4 peptides were considerably less 
potent than the PARI peptide for activating human 
platelets; GYPGKF was slightly more potent than 
GYPGQV (Fig. 3b, and data not shown). The potencies 
of these peptides for platelet activation thus correlated 
with their relative potencies for activation of their respec- 
tive receptors in the oocyte system (Fig. 3). 

Incubation of PGE t -treated platelets with SFLLRN ren- 
dered them refractory to subsequent stimulation by SFLI^ 
RN but did not affect responsiveness to GYPGKF (Fig. 3c). 
Conversely, incubation with GYPGKF rendered platelets 
refractory to subsequent stimulation by GYPGKF but did 
not affect responsiveness to SFLLRN (Fig. 3d). These results 
suggest that activation of either PARI or PAR4 with their 
cognate peptide agonists is sufficient to activate human 
platelets. Taken together, the results presented above show 
that PARI and PAR4 function in human platelets. 

PARI and PARA antibodies inhibit thrombin cleavage of their 
respective receptors. To determine the necessary roles of 
PARI and PAR4 in platelet activation by thrombin, we 
developed blocking antibodies. The previously described 
PARI antibody raised against PARTs hirudin-like 
domain (9) is predicted to inhibit thrombin cleavage of 
PARl's NH2-terminal exodomain by disrupting binding 
to thrombin's anion-binding exosite. Because no analo- 
gous hirudin-like domain was apparent in the sequence 
of PAR4's NH 2 - terminal exodomain, antiserum was 
raised to a peptide that represented sequence spanning 
PAR4 J s thrombin cleavage site. This antiserum specifi- 
cally recognized PAR4 (Fig. 2, and data not shown). To 
test the ability of the PARI and PAR4 antibodies to block 
cleavage of PARI and PAR4, Rat-1 fibroblasts expressing 
FLAG epitope-tagged PARI and PAR4 were preincubat- 
ed with antibody. Receptor cleavage was then measured 
as loss of FLAG epitope from the cell surface upon expo- 
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Figure 5 

Inhibition of PARI and PAR4 signaling by PARI - and PAR4-blocking antibodies and PARI antagonist. Fibroblast cell lines in which thrombin sig- 
naling was mediated solely by PARI (a) or by PAR4 (6) were incubated with buffer alone (none), PAR4 IgG (PAR4 Ab; 1 mg/ml), or the PARI antag- 
onist BMS200261 (100 UM) for 30 min at37°C. Cells were then exposed to thrombin (0.01, 0.1, 1.0, or 20 nM as indicated), GYPGKF (500 piM), 
or lysophosphatidic acid (LPA; 5 UM). Receptor-triggered increases in cytoplasmic calcium were measured fluorometrically using the calcium sensi- 
tive dye Fura-2. This experiment was repeated three times with similar results. Ab, antibody. 



sure to thrombin (20) (Fig. 4). PARI cleavage was 
markedly inhibited by PARI antibody but not by PAR4 
antibody. Conversely, PAR4 cleavage was markedly 
inhibited by PAR4 antibody, but not by PARI antibody. 
These data predicted that the PARI and PAR4 antibod- 
ies should selectively attenuate thrombin signaling via 
PARI and PAR4, respectively. 

Inhibition of thrombin signaling by PARI and PAR4 anti- 
bodies, and by a PARI antagonist A fibroblast cell line 
derived from PARl-defkient mice (23) was used to gen- 
erate lines stably expressing human PARI and PAR4. 
Because no thrombin responses were detectable in 
untransfected PARI -deficient fibroblasts, signaling in 
the transfected cells could be attributed to the transfect- 
ed receptor. In the PARI -expressing cell line, increases in 
cytoplasmic calcium were reliably elicited by thrombin 
at concentrations as low as 10 pM (Fig. 5a). PAR4 IgG 
had no inhibitory effect, even on these threshold 
responses (Fig. 5). As demonstrated previously (9), PARI 
IgG markedly attenuated such signaling, and nonim- 
mune antibody was without effect (data not shown). 

The PARI antagonist BMS200261 (27) attenuated 
PARI signaling even at high thrombin concentrations 
(Fig. 5). Responsiveness to lysophosphatidic acid was 
unaffected by the antagonist, as was PAR4 signaling 
(Fig. 5, and data not shown), suggesting that the 
inhibitory effect of BMS200261 was specific. 

In the PAR4-expressing cell line, increases in cytoplas- 
mic calcium were reliably triggered at 1 nM thrombin 
(Fig. 5b). PAR4 IgG blocked such responses but had no 
effect on responses to GYPGKF, consistent with the anti- 



body's acting by preventing receptor cleavage by throm- 
bin. PAR4 preimmune IgG, PARI IgG, and PARI antag- 
onist (100 JIM) failed to inhibit PAR4 signaling even at 
threshold thrombin concentrations (Fig. 5b, and data 
not shown). Taken together, these results established 
specific tools for blocking PARI or PAR4. PARI and 
PAR4 could each be blocked with a specific IgG. PARI 
could also be specifically blocked with BMS200261 or by 
homologous desensitization with SFLLRN. This pre- 
sented an opportunity to assess the roles of PARI and 
PAR4 in platelet activation by thrombin. 

Inhibition ofthrombin-induced platelet aggregation by block- 
ing PARI and PAR4 signaling. The contribution of PARI 
and PAR4 signaling to thrombin activation of human 
platelets was tested using the strategies outlined above. 
By itself, PAR4 IgG had no effect on platelet aggregation, 
even at low (1 nM) thrombin (Fig. 6). By contrast, PARI 
IgG or BMS200261 markedly inhibited platelet aggrega- 
tion in response to InM thrombin, as did prior desensi- 
tization of platelets with the PARI agonist SFLLRN (Fig. 
6). None of these maneuvers inhibited platelet aggrega- 
tion in response to GYPGKF or submaximal concentra- 
tions of adenosine diphosphate (ADP) (Fig. 6 and data 
not shown). These data suggest that PARI is the major 
mediator of platelet activation at low concentrations of 
thrombin, consistent with previous studies (9, 25). 

In contrast to the case at 1 nM thrombin, at 30 nM 
thrombin, inhibition of PARI signaling by either PARI IgG, 
antagonist, or SFLLRN desensitization was largely ineffec- 
tive, only slowing aggregation slighdy, such that shape 
change became detectable (see 0- to 30-second portions of 
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the aggregation curves in Fig. 6 } b-d). Inhibition of PAR4 
signaling with PAR4 IgG was similarly ineffective (Fig. 6b). 

Strikingly, when signaling via PARI and PAR4 was 
blocked simultaneously, aggregation in response to even 
high concentrations of thrombin was virtually abolished 
(Fig. 6). Such synergy was seen regardless of the means 
by which PARI was blocked (desensitization, PARI IgG, 
or antagonist) (Fig. 6). PAR4 preimmune IgG had no 
effect in such experiments (data not shown), and platelet 
activation by ADP and by GYPGKF, which bypasses the 
effect of the PAR4 antibody, were not inhibited (Fig. 6, 
and data not shown). These data strongly suggest that 
both PARI and PAR4 contribute to platelet activation at 
high (30 nM) concentrations of thrombin and that inhi- 
bition of both receptors is required to ablate thrombin- 
triggered platelet aggregation. 

Inhibition of thrombin-induced platelet secretion by blocking 
PARI and PAR4 signaling. A more quantitative measure of 
platelet activation is the amount and rate of adenosine 
triphosphate (ATP) release due to the secretion of platelet 
granule contents. We therefore measured the effect of 
BMS20026 1, PAR4 IgG, or both, on peak ATP release and 
the time to half-maximal ATP release in response to 30 
nM thrombin (Fig. 7). PARI antagonism with 
BSM200261 decreased maximal ATP secretion to approx- 
imately one-third of control levels and prolonged the time 
to half-maximal secretion by approximately threefold. 
PARI IgG alone had a similar effect (not shown). PAR4 
antibody alone had no efFect on the tempo of ATP secre- 
tion and only a small efFect, if any, on peak response. Strik- 
ingly, the combination of BMS200261 and PAR4 IgG 
ablated ATP secretion in response to 30 nM thrombin. 
Even after 10 minutes, no secretion was detected. Similar 
data were obtained when PARI IgG was combined with 
PAR4 IgG. These maneuvers did not block secretion in 
response to GYPGKF (Fig. 7), and preimmune and non- 
immune IgG were without efFect (data not shown). These 
results support the hypothesis that PARI and PAR4 
account for platelet secretion and aggregation in response 
to thrombin at concentrations as high as 30 nM. They also 
suggest that PARI is necessary for rapid platelet activation 
by thrombin even at high thrombin concentrations. 

Discussion 

In this study, we addressed the roles of PARI, PAR3, and 
PAR4 in activation of human platelets by thrombin. We 
showed that PARI and PAR4 are functionally expressed 
in human platelets and that these receptors account for 
most if not all thrombin signaling in these cells. We fur- 
ther demonstrate that PARI mediates platelet responses 
at low concentrations of thrombin and is necessary for 
the most rapid and robust platelet responses, even at 
high concentrations of thrombin, consistent with previ- 
ous studies (9, 10). In contrast to PARI, PAR4 mediates 
platelet activation only at high thrombin concentrations 
and PAR4 signaling appears unnecessary for platelet 
activation when PARI function is intact. 

The observation that specific inhibition of PARI and 
PAR4 ablate thrombin signaling in human platelets sug- 
gests thrombin binding to GPIbot (28) is not sufficient 
to trigger platelet activation; whether such binding plays 
any adjunctive role is not known. Our results also sug- 
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Figure 6 

The effects of inhibition of PARI and/or PAR4 on aggregation of human 
platelets in response to low (1 nM) and high (30 nM) concentrations of 
thrombin. Platelets were pretreated with buffer alone, PARI IgG (10 
Ug/ml), PAR4 IgG (1 mg/ml), or PARI antagonist (1 00 UM), or were 
desensitized to SFLLRN as indicated and then exposed to 1 nM throm- 
bin (a), 30 nM thrombin (b-d), or 500 UM GYPGKF (e) at time 0. Aggre- 
gation was measured as increase in light transmission. Preimmune or 
nonimmune IgG were without effect (not shown). This experiment was 
performed using triplicate samples twice (a, c y e) or four times (b, d). Rep- 
resentative tracings are shown. 
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Figure 7 

The effects of inhibition of PARI and/or PAR4 on platelet ATP secretion in response 
to thrombin, (a) Peak ATP secretion. Platelets were pretreated with buffer alone, PAR4 
IgG (1 mg/ml), PARI antagonist BMS200261 (100 HM), or PARI antagonist plus 
PAR4 IgG as indicated, and then stimulated with 30 nM thrombin. Peak ATP concen- 
tration in the 10 min after addition of thrombin was measured by lumiaggregometry. 
Preimmune IgG had no effect (not shown). Data are mean ± SD (n = 5-7) of peak 
secretion measured; similar results were obtained with platelets from two individuals. 
Data were analyzed by two-way ANOVA and t test with a Bonferroni correction for mul- 
tiple comparisons. *Ps 0.06, **P < 0.001 compared with untreated group. Note that 
no secretion was detected during the 10 min after addition of 30 nM thrombin to 
platelets treated with PARI antagonist plus PAR4 IgG. (b) Time to half-maximal secre- 
tion. Time to reach 50% of the peak ATP secretion response elicited by 30 nM throm- 
bin in each group (a) was measured. Platelets were pretreated with buffer alone (open 
circles), PARI antagonist (open diamonds), PAR4 IgG (open triangles), or PARI antagonist 
plus PAR4 Ab (closed diamonds) as in a y and then stimulated with 30 nM thrombin. 
Points displayed as >600 s indicate no measurable secretion within 10 min after addi- 
tion of thrombin. PAR4 preimmune IgG had no effect inhibitory effect in such experi- 
ments, even in the presence of PARI antagonist (not shown). 



gest that PAR3 has no important role in activation of 
human platelets by thrombin. Indeed, PAR3 mRNA and 
protein were not detected in human platelets but were 
readily detected in Dami cells. Such negative data regard- 
ing PAR3 expression in platelets must of course be inter- 
preted with caution. Our failure to detect PAR3 mRNA 
and protein in human platelets is concordant with our 
functional data but at variance with a recent report of 
PAR3 expression in human platelets detected by RT-PCR 
and flow cytometry (26). In the latter study, the RT-PCR 
was not quantitative, and potential cross-reactivity of the 
PAR3 antiserum was not discussed, possibly accounting 
for our different results. Alternatively, platelets from 
only a handful of individuals have been studied; and it is 
possible that regulation or individual differences in 
PAR3 expression account for our differing results. 
Regardless, we know of no data that implicate PAR3 
function in activation of human platelets by thrombin. 

It is interesting to compare and contrast thrombin 
signaling in human and mouse platelets. This study 
shows that human platelets utilize both PARI and 
PAR4, with no apparent role for PAR3. By contrast, 
mouse platelets utilize PAR3 and PAR4 (17), with no 
apparent tole for PARI (14). A definitive answer to 
whether additional receptors play a role in the mouse 
awaits generation of PAR3/PAR4 double knockout 
mice. In human platelets, PARI is necessary for 
responses to low concentrations of thrombin; in 
mouse platelets, PAR3 plays this role (17). Thus, 
despite the use of distinct receptors, platelets in both 
species use a dual thrombin receptor system in which 
a high-affinity receptor (PARI in human, PAR3 in 
mouse) mediates responses to low concentrations of 
thrombin and a low-affinity receptor (PAR4) mediates 
signaling at high concentrations. Interestingly, both 
PARI and PAR3 have obvious hirudin-like domains (3, 
29). In PARI, this domain binds thrombin's fibrinogen 
binding exosite and is critical for PARl's efficient 
cleavage and activation by thrombin (3, 5, 29-32). 
PAR4 has no such domain, perhaps accounting for its 
slower cleavage by thrombin and right-shifted con- 
centration response curve (17, 18). 
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The biological significance of having dual thrombin 
receptors in platelets remains uncertain. PAR3-deficient 
mice showed no spontaneous bleeding and had normal 
bleeding times; thus, in mice, the high-affinity receptor is 
not necessary for normal hemostasis when the low-affin- 
ity receptor is present. Whether different challenges will 
unmask a requirement for PAR3 in hemostasis or throm- 
bosis is unknown, and whether combined deficiency in 
PAR3 and PAR4 will provoke a bleeding diathesis remains 
to be determined. It is possible that two receptors in 
platelets simply provide redundancy in an important sys- 
tem, but a variety of more interesting possibilities are 
apparent. It is possible that a capacity to respond to 
thrombin over a greater concentration range is impot tant 
for reasons not yet understood. More broadly, PARI, 
PAR3, and PAR4 might mediate responses to proteases or 
ligands other than thrombin or allow thrombin itself to 
activate distinct signaling pathways or to trigger signaling 
with varied tempos of activation or shutoff. The existence 
of multiple receptors also allows for distinct temporal and 
spatial expression. The finding of PAR3 expression in 
Dami cells (Figs. 1 and 2), but not in human platelets, is 
provocative in this regard. Dami cells were derived from a 
patient with megakaryoblastic leukemia and express a 
number of megakaryocyte markers (19). PAR3 is also 
expressed by HEL cells and K562 cells (data not shown, 
and ref. 26). These results raise the possibility that PAR3 
might be expressed by hematopoietic cells in the ery- 
throid/megakaryocyte lineage but extinguished in mature 
megakaryocytes and platelets. The role of PAR expression 
in hematopoiesis, if any, and whether PARs might serve as 
useful markers of differentiation, remains to be explored. 

Because of the role of thrombin and platelet activation 
in myocardial infarction and other pathological processes, 
identifying and blocking the receptors by which thrombin 
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activates platelets has been an important goal. Iterations 
around PARl's tethered ligand sequence SFLLRN have 
already led to the development of potent peptide-based 
antagonists (27). These antagonists blocked human 
platelet activation by SFLLRN itself and by low concentra- 
tions of thrombin but were ineffective at high concentra- 
tions of thrombin (27). This study strongly suggests that 
persistent platelet responses to high thrombin concentra- 
tions in the presence of a PARI antagonist were due to 
PAR4, which is not blocked by the antagonist. The PARI 
antagonist BMS200261 was in fact quite effective at block- 
ing activation of PARI by high concentrations of throm- 
bin (Fig. 5, and data not shown) but became effective at 
blocking platelet activation by high concentrations of 
thrombin only when PAR4 was blocked simultaneously. 

The finding that PARI and PAR4 account for all, or vir- 
tually all, of the ability of human platelets to respond to 
thrombin should excite interest in the development of 
thrombin receptor antagonists as possible antithrombotic 
agents. Agents that inhibit signaling via the thromboxane 
and ADP receptors are effective antithrombotic drugs (33, 
34). Given thrombin's remarkable potency as a platelet acti- 
vator and its ability to activate even aspirin-treated platelets 
(35, 36), blockade of thrombin signaling in platelets might 
also prove to be a useful strategy for preventing thrombo- 
sis. Because inhibition of PARI alone markedly attenuated 
platelet responses at low concentrations of thrombin, PARI 
antagonism might be sufficient for an antithrombotic 
effect. In this scenario, PAR4 might ensure a minimal level 
of thrombin signaling and act as a safety buffer. Alterna- 
tively, it may be necessary to block both PARI and PAR4 to 
prevent thrombosis. Using genetically modified mice and 
inhibitor studies in other species, it will now be possible to 
determine if these strategies should be pursued. 
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Summary 

The Aggregation of platelets from a variety of animal opectes in 
nspoaae to tiuorobifi receptor-derived activating peptides was evalu- 
ded A series of 14^SFJXRNI^DKYBPF)i 7KSFOSNP*NH 4 ), 
MSHXJW-HNj) or 5-CSFLLR-WHj) residue peptides, the structure* 
of ttfikMece fa «ad on the deduced amino add oeqtm* of the toman 
thrombin receptor* promoted full aggregation of platelets to plasma 
from humans, African Qibmi and Rhesos monkeys, baboons and guinea 

rabbit, dog, pig, oad hamster swderwBsu a ohape change to foiled to 
aggiegate in response to these peptides over 3 log uataofpepisdctqpto 
SCO \M, despite being My responsive to hnimm ttombfri However, 
because the receptor peptides induced shape change la toe plaldets 
from these tw^aggregating species, tfaey apparently can activate so&e 
of the infmcellulaf signaling nygtem(s) usually initiated by thrombin in 
Qm pl£tele& Id contrast, platelets from rata fid rati undergo shapa 
change or aggregate in fesponse to the psptkJss, A recepco?- 
ferived peptide based Cm &e deduced amino fttaJ ceqtwace of Che clone 
of Cte hamster UuomWn receptor (SFFLSWP-Nj) Wa3 nearly as efSca^ 
dons 04 the ccaespowftng human receptor-ctenved 7-iesidae peptide to 
promote aggregation of human platelets, Howavor, foehamster peptide 
amid aot promote ag^atwu of harcsrer plutele^ in ptaw at op to 
000 )JtM peptide, while a shape change response vm elicited- Hatelets 
torn rets, ftbbito and pig$ also did not Aggregate la rehouse to this 
peptide derived ton the toaster thrombin teeeptoz, but all spades 
except the rat underwent a ah^e change. Imager tt-resfchie peptides 
derived from the sequences of ike h^tac^mowttoxi^rec«pt^ 
elicited aggregation of toman platelets but CO aggregation, of the fasm- 
fltor platelets. Ha contrast, the ha man 14- and S-residue and the hamster 
7<esjdue tombin recfiptor-derived pzptkjea promoted mftogeaesis of 
CCU9 cells, a hamster fibroblast cell fine. Finally, the human 6* 
residue thrombin faceptpr-derived peptide promoted contraction of 
Bttrofll and dc-efldofoeliatized carina coronary artery rings, despite 
having no pft-aggregatory effect on canine platelets. Taken together, 
these fesoltG demonstrate that the thrombin teceptoy-dcrived peptides 
are able to mimic many, but oot all, of the activating effect of thrombi 
in different tissues from multiple specks. Ths heterogeneity of 
r&jransiveaess to these peptides should be talaea Into account in tore 
experiments designed to elucidate fre mechanism of feiorabin otimula- 
tiost of platelets and other cejls, 



Qjtre$pojvtecce to: Dr« Hl M. Connolly, Department of Biological 
aemlauy, M<*efc gfcswto labczatodcs, West Point, PA 19486. tJSA- FAX 
Nmnbaf: ^213 fiS2 2389 



Inflroducfion 

The serine protease tfaiflmbm j$ (ho most potent physiological 
activator of platelets taiovm. It dlrecdy activates platelets and otter 
cells via on£ or more cell surface reoaptorts) (1). The cioning (2,3) of a 
thrombin receptor was recently described. Based on its primary se- 
queoce and on its characteristics off sctSvatioti flds wceptw bekags w 
me family of 7 transmembrane G-pr<tfeb Hnfced receptors. According 
to flje novel mechanism of activation of the receptor proposed by 
Coogblin et qJ. (2, 4) frrombm cleaves the exttaceltolar domain of the 
receptor to create a new amino tennlnue, which can then act as a tethef- 
odKgand to activate the receptor. Peptides as short as tha to 5 amino 
ecUds derived ffomthe seqyeaceof thapi^posedtiew cmino tennhas 
are able to fully activate feut&an platelets and naive calls transfected 
with the clone for the thrombin i«&ptor ($4). Receptor octivation on 
platelets residu k the functional responses of platelet aggregation, 
secretion, Ca** mobiliaation, protein pfcosphoryfetion, plwsphatidyf 
iflcdtol metabolism and inhibition of adenylate cydase Cotivity (9, 10), 
Thns, ths receptor psptijdes can cnimic many of the ncti06$ of dirombifl 
itself In platelets. 

Evideace tot the exist£ao2 of the dcasd «hwmbin fece^toi fes beea 



mnsde ceil^ mesenchymaJ-aj^ring ceils end macrophages (fe- 
viewed in4).ln order to forte saplorc the twirorsalityoftos^ceptoj 
and its mode of activation and rile in normal hemostasisflftdduombo- 
ks, we examined die effect of human thrombin receptor-derived 
pzptMe? on the activation of statelets and other cells from a variety of 



W boc fajty responsive to thsse receptor-derived peptides, despite 
being responsive to thrombin However, o^her cells Krom these same 



Equine tendon type I collagen and AD? warn from Grono-Log Corp., 

lor the tissue ctKotc atndies h was from Anwricaa ftia^postica, cad for oil 
rtter stadias ir tras Ma^y provided by Rr. W» W, Fsafon H A&a^ N, Y.; 
ha man fibrtiwgw vms firosn Calbfoctao; CCL39 cflDft ^ew obtatead from the 
ATCCOlocbilk^ 
Fisher eOdSigma- 

Plalelet Preparation 

Blood was oofketd j^i floa-^aiiwi cp^cies. o? from hedthy human 
ttnteas 6aa of nspiriq and otbw drugs far * tewt 8 d&ys, teto triwrfiam 
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citrate zimicoagtAto (1:10). Tto platelet rkfc plasma <PRJP) *tft pcpcrat by 
cetitrilugatioa find Die pfatget ccrou ^ua adjusted 3 X 1<F per ml wl& auto- 



Irom we vsriwig QQimai spsdciL For come otudiei &umaa platelets were iao- 
toed by dilfcwnfoal ccn<ri£bfi«ion and then wasted to a modified Tyrone's 

glucose, 2 mM MgCU 12 m NoHCO,. pH 6\5), confining \ mM BCTA, 
20 ugfol opyrass aid 3i rag/ml B5A os pttVEOnsJy describe (11 J. Tte final 
pbteto^wiTOncscta x 103 ptaetett^mlmft* some buffer cipH7A 
without EGTA end opyrcse, . 

PkHtoStept QmsQ Aggregation Assay 

PRP or the ttaahed pteiets with 0-3 ragfal human fforinogea ^ 
eubated for 2 min ct 97* C» Thfumbia or a dtrorabia rtczpto^ocrfved pepi#c 
was ndded to the sample q Chronolog o^gfegometsr nad 6bape change and 
aggregation cms flttfljfoaf as a decrease 2d light tfanoatoauce, respectively. 
Wfean thrombin. was tged as ci qgonist she KRP wao gje-mcobsted 2 mm 
wifo 2 mM GJy^A^-frD papSde in order to prevail m^biiHnodM 
6boa polym^izotioa (12). 'i&a tel amount of fiim traasmitiaitca tetfatjt of 
oggregadon) c* the rate of change of tight transmit^ (^fe of Ag|^t^) 
was cdcuiE^ ny ^ agg^olotk bcA^ 

aggiegometer, In atJ casea qriafitotivety coaapcnible result* wc*e obtained whan 
either to rate oreRtEntofaggf^ation was mcnteed 

/>cptfck#Hifcerfr 

Thrombin fl&cepJGf peptides were oyatatted as previously described (13). 
Briefly, paptide teeki were assembled on colld support u$g# an Applied Bio- 
system mode* 43QA automated peptide flynteker (frUQC based chemls oy). 
Peptides as caxfeoxyl tenrnsd araictea fuuftcatefl by &a sytafcoLNHj were 
synlhswzfld on the b^fedrylammc resin hyd^otide, Jhz prefceted 
peptido^eto **ae treated wign aahyorow Squid Hp coining 10% oubote 
fer 60 min at 0° e T^ta erode psptMe products were purified by preparatory 
HFL£oa aDSLTA^AKCflj comma ^ 

purity were cemtod aadt dafacterted by ftMR ond for amino acid 
canpoaticatife 

P^w^&swibeda^^ 
50,000 aajsrweflmchis^ 

with phosphate buffered pgiise cud exchanged &to DMH : Haa'o M2 (I ;1> 
for gwwth arrest fcr 28 Sl At (his tunc toe cellar wcu«i^mto (ha osra? 

enlia 10% fp, fiJwoa^ crfirm 



removed And the vessel wii sod'onco- fnto tinp yf 2 mm in length. Forsn^ j 

experiments, u* ^nbthelJom ima*A by inserting a 23 
abater into mc ring sod rolling It gently on o moistened pap* to*etXorc^^ 
force getje^tion, each ring was placed between two statofeswteel wir« 1 
IndlvWual ti$$oe bath chambers comainfog 15 mj of 37* C oxy^omcd Pss S 
lower wire was fcnraobflfccd while me uppsr wire was connected to a W.-T 
0C2 u^duccf. Bocb rarg t wMi cj wlthwu eodotnelim was mointained T* - 
bwcOnc force of I gram during on equilibration period of 60 min. r*aal -5 
were primed wim 40 mM KO (2 Uincj), Wlowmg me wash-ow sfttr eatn m ] 
Emulation, baseline force was ra-esftblish^d at 1 ^arn. Aneri^l ^ i 
then evataed for their tesponse torn bssdine to 1.0 uM of the tomft 
ceptc<<erived activating paptjde, SFLLRN-NH,, or for the effect of \®Z 
ft«mtbin on vessels preeo^ctod wHh 3 bM «wScthe!in. Adequate de^fo. 
iheUalization wca conflnned by the addition of ocety teholme (0.1 pM) to fo 
ContrEcted pworJoos, In separate ejtpcriment^ the response to eumnlniite 
doses of the peptide was demon^rated Isotnetrtc ensroo data were coltoioa 
Ju^m2smurvdsan4stor^onQCodipaq (P^linr^3) com^ier^ 
with sofrwere provided by Branch Technology. Digital dam and o ^ TjjRC 
tracing *ere conturomrfy displayod on a Rex Vision color monitor (mte 
PMV/144^) with Q hard copy pTOvi^ed by a Hewlett Packard laser jst pcxs 
Hard copy analog data were coatinoualy recorded Oft a Wwnsei HwAa 



AggresatlcntfFlaielitofrom VeritwSpecte 
in Response Receptor-derivad Peptides 

A systematic evahmtot of platelef flsgre^acioft provykd by 5- 
residwe (SFUR-OTj) or l^^tsafue (SFLLRNPNDKYEPF) pepUdzs 
derived &Otn the asraeftce of the tanaa thrombin receptor was under- 
takan hi platelet rich plasma {rota a variety of different animal species. 
As shown m Table J, of tfte 9 d&ffefem specie* evaluated only platelets 
fS«?m primates and flttse frt)m the guiitf* pig ttemcmstrated fl full aggre- 
gation response. Platelets from a variety of species commonly used in 
fljiombosis studies, iochwJlag dog, tarotfer, sabbat, and pig shoved 
a shape change but felled to aggregate in response to up to 500 \M 
peptide. Representative responses are shown in Figs. 5 and 7 as decay- 
sed below. Sat platelets did Dot aggregate and also did not change 
ftbeps jo response to fos psptfoes. In contrast, only 1-lOyMoffotse 
peptides were r^t^toj^motcfiilj qggregadon of human plaiehxs. 
Receotor-derivcd csotides of tfM«^wriTnfP ipnarf^ Waited to tddncc 



WmmfoOflwedbyt^^e^reth^ 

modtctm§ tafcmc^%. Wkgroand, ceflns^ pg (fe pwnts measnjed tnfl, 

expc^ire to mccjamcary, eras ijrpicaJBty <8% to observed with PCS and was 

fcibti^^cfljamo^ inramoratiw 

«ls«wtomeK5co^mcache^8jk^ 

Vascular Smwth Musde Yemhfi O^ermfCn 

Male puTBWsedHeo; mongiefl dogs (P^-10J Jjg) c?ejo onesthsdzed with 
sodhim peotqbarbital (33 mg% I v.) and mechanically ventilated wla room 
air (Harvard App*rnfr^ A k& ftoracotpnjy m perfonried and me heart 
woa excised and Immersed m oxygenated, warmed C) physiolc^kal gqjt 
solution (PSS: 112 »M Wad, 5 mM KG, 1.2 mM M&uJlX mM CaCL 
W mM KHjK), 25 mM WaMCO^ 1 W mM dexter ^ 
bcW). XIk buife ^ (^mt>rate^ 
™fijHof74.Tfcabftou^fea^ 

blood was rinsed fro® &e lumog, conneaive dasue and fet were easily 



Table} C^jpapt^ derived ^ me hum^ 
aggregation of ptatefas from various animal spades 



Species 



Aggregation 1 



Shape change 



Human 
Baboon 

African green monkey 
Rhesus monkey 
Rabbit 
Cog 

Kg 
Sat 

Hamster 
Guinea pte 



87 45 
K>±4 
57*9 
63*12 

l&l 

0 

14*2 

0 

0 

65 * 13 



YES 

YES 

YES 

YES 

YES 

YES 

YES 

NO 

YES 

YES 



0 Platelet rich plasma was challenged by up to $00 fiJM SFLUWWj. 
SFLLRN-NHj or SFLLRNPNDKYEPF pftpUrfcs and ojgitgntion and StKpc 
change monitored os deacribed to Methods. Aggregation values fire expressed 
as the znaxiiaal mm of agg^gution obaayved a the standard devtatkm. Rowto 
ore from 1-6 separate experiments f w ewb spacieA, 
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Induce 




0.01 



pOLm-NH^ {ttUOmWnl.nWI 
^ ^^^^^3^Sca mowwred c* descrifed oi town fluomHn and um^^^^mU^l^ 



f<ifrk2 Plfltekt aggregation of poa-toffi^bamsltf . pig mri rat, pJsteka m 

pl^ortofiumTmfrtdpIafekto 

ttsritsare^tttfeagB separate^ 



Kwman W D P R / 
Hamaw M N P R ' 

ft* pr/ 



%5 Klfejawesto^cton^Pewf^ 



SFLURNPNDK 

SF£LRNP»E2 

Tbe 



Peptide 



Aggregation BC^jdd 



ptotdcts 



SFLAR-WHj 



residue of foe activiakg peptide from the hamster (J), moose (14), and aQjRLLR-NH,* 



>8G0 
>SG0 
>800 

>8O0 



m (15) has ao F 0?te) fr*«iwtai far L UndcfBued resWna* todicafc ^— * . - . <0 ^;', n 7 



1 

15 

W 
>800 
>800 



aggregation (data not shown), platelets ftora the responding species of 
guinea jrig^Rhc^ monkeys eedbafcc^ however, &Uy aggregated 
ta response (0 tbe hmnaa receptor peptides, although 10 to 40-fotd 
mote peptide than that needed 10 promote aggregates of hnmao 
ptefc was required far am equivslwM respoase as shown ia Fig. \. 

Tbe playlets ficm flja species wte&dld sot aggregate fa respond to 
£iumao flwombm recflptor^rted activating pepdto, did aggregate tf. 
ter^mnlaUoaby^coaD thrombin as showaia% 2, and by AD? find 
collageo, two otto platelet agonista which act via distinct receptors 
(fiot shown). This result demonstrates 6ai the (teteka fron these 
sp«ae$ can aggregate and that thay have thrombin receptor* tfiat are 
recognized and activated by fcum&fl thrombin. 

A comparison of the cajreoces of the thrombin receptor* deduced 
fomcDNA clones cf tha thrombin receptor ftora Jmffl^ (2X hamster 
P). iwww (14) a<Kj raft (15) c«irw« 

activating peptide regie* &ere is a substitution of a Pte f or laa at 
position^ tfl the axfeot&pacjea. Wcsp9CMlated ftatflcdvatingpepades 
with ihto w^todon migfrt activate ptolets from homologous qwfcs, 
(haibad iK«fe5p<wMto thahvmmrcceplw^ A 
Woe pcpOde incorporatitig to substitutioa wgs prepared and its ef&ct 
on aggcegadon of human piatcJeta compared to that elicited by the 




fig, v Jf»yy\|BrWlMlWW |M W uviw* Jr*** ' ' "Cw'TB — " r — 

to(ijwetcsUnmlfnedby7^<^^ptid«b^o«^5^^ 

teabin Rcoptor, SJPIIRNP'WH, ( A) t w $e baumer thromoia rec^t, 

SRPUOT-NHj (O), and aggregaOOaino^to^J a* <fesefibccj ia Method 1^ 

fesolio ow expressed w awaa * S. R fer 3 wpanrte experitnents tot <x± 

paptida 
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ifyJ Agnation efiramanijid toaster platelets. Human or tarotarPKF 
*« tfimulatod by the indicated concentration of hmrun thrombin receptor-de- 
rived pcptiokSHXR-^*^ 

S^W-^Hj sad SmJlNPOBNTRSUP^^ ud aggregation monl. 

t«ed as described in Mefl^ 

npreswaatrveofMaeps^ 
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Mfoven Conoertralton (M) 
fifc $ MJtogtdc activity of thrombin receptor agonist peptides toworda 
CCU9 oclb. (•) human thrombi (A) i human thrombin ifcepnr-dexiwd 
pqptitJo, SFLLR-NH* oi (■) the hamster 1htQ^ftcc{ito^ajM^^ 
SFRRNP-NB^ were added to oojAMtf adtttWlorpwfttw»e4CX139 
ceils and tier 22 H to extent of DKA^ndioflliWttdDleffl^bysiov^ 
CHM^yiCidinc incorporation into newly synthesized DNA as deserted in 

■ pexcenagBof fijerespwigAto feu I calf wmm (PCS) in fco *ame ex- 
periment 



cormponding 7-xciidue human receptor peptide. 'As shown in % 4 
the rodenuicxived receptor peptide also promoted Ml aggregation of 
human platelets aimllarly to that induced by the human xweptor- 
derived peptide r 

Tte^CCl of the hamster rec*^ 
of the human ftceptor^erivtd p^dc pf 0» oime le^on i»mm 
platelet aggregation is illustrated in fig. 5, flic formaa platelets in 
plasma showed comparable aggregation in response to2uM of each 
peptide, however, both the human- and rodcnt-dcrived peptide* at up to 
800 uM failed to promote aggregation of hamster platelets despite the 
latter being from the same spedea. In onto to rule out the possibility 
that a 7 residue nam^rec^pe^^ 
ovate the hamster platelets, a longer peptide of 17 amino add* derived 
from the cleavage aire of the hamster wcepcor done was prepared. This 
pepwe at tip to SOOpMalsodid ntfifldui* aggregator 

630 



10 Rllfl 

Effort Of thrombin and a thrombin receptor peptide on canine timns. 
(A) Aggregation of dog PRP to 75 nM thrombin or 800 pM 5RUURN-NH, 
peptide wai carried out us described tfl Methods. Vtscular; response ofanus 
coronary arfcry rinas without (B) and with cndotheliun (C P) to 100 dM 

<D> Dosenrelated response of canine coronary vessel rings to SRLRtfm 
peptide added cumulatively, Tracing of B4> are representative of 4-3 asp. 
arateeapr 



platelets despite being a potent activator of toman platelet aggregation 
as shown in Ftg. 5. stimulation of rodent and pig platelets by Sroidue 
peptides with an alanine aubititmjta in position 3 or Substitutions in 
the 2 and 4 positions with other residues in an attempt to mimic tbejr 
endogenous receptor Uganda also did not result in peptides which eon W 
initiate aggregation of these platelets as shown in Table 2. 

In order to determine if peptides were being inactivated by some 
plasma component both human receptor-derived activating peptides of 
5 and 14 amino aejda end the 1 and 17 amino acid rodenMfedwd 
peptides were incubated with plasma from iwnaggregating specie* lor 
$ mitt at IT C and then added to human platelets at 2 times their E<* 
awxrtrafo) to determine if the plasma from these spedes was 
inactivating the peptides. These platelets aggregated with ■ response 
comparable to that observed in response to the same concentration of 
peptide not pre-incubated with the plasm Thus, (here was no peptide 
inactivatioa in the plasma from these non-responding spedes under 
these conditions. 

Mitotenic Response ofCCU9 C*lb 

We had previously observed that thrombin and human tocombfo 
receptor peptides could promote increased incorporation of PrQ-dr/m- 
idine in CCL39 cells, a ham^-derived Bbcoblast cell line (13). Stet 
hamster platelets did not aggregate in response to either human or 
hamster thrombin recentor-derived peptides it was of interest whether 
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a not hamster fibroblasts (ally respond to She hamstef derived pep- 
tides. As shown io Fjg, 6 m a$ previously reported (13), thrombin and 
Dodi human and feamste«terivcd reenter peptide* induced a strong 
pyogenic response in CCL39 cells. Although the pomades of each to 
elicit these responses was different, the same filial extent of pHQ-thym- 
idjne *as incorporated in response to each stimulus. 

jjg&l <jf Throftbbi and a Thrombin Receptor Peptide 
& Qmine Vascular Retpo**e 

We next explored whether the apparent tissue selective resjooasfre- 
aew so thrombiu receptoMerived peptides sm uniqus to &e hamster 
or if iromhifl responsive tissues la ether spades could respond to the- 
se peptides Dog platelets did not aggregate in response to human 
tombb receptoj-ekrived peptides (Pig. 1 & 7A) but toey did aggrega- 
te to thrombin ctamtdatloa (Bg. 2). Tha effect of thrombin and the hu- 
m thrombin recep2c*-dfirived peptide, SFLLRN-NHp oa isolated ea- 
tte coronary artery rings was evaluated. Thrombin induced a modera- 
te contraction (214% or 045 g increase) of 3 oM ecdoMin psoccn- 
tocted (114 g) de-endc&eUafized rings (Fig. 7B), and elicited a 
routed relaxation (72.1% or 1.73 g decrease) of eadcthelin pre- 
contracted (2,47 g) coronary Qrtery rings wi<h ec^neSimn from *hs 
name vessel (fig. 7 Q. The erdothejin-stknuloted attraction (3 g 
cctiv? tension) tra$ similar to that typically -elicited by 4Q toMKCl 
(55% of the KG response in the deeded tings and 65ft of the KQ 
response in the intact vessel segments). In contrast to its effect on 
amine platelets, (he 6-iesidue thrombin reoaptez peptide elicited a 
dose-related eootrtctjon above baseline tension levels m die canine 
ccmaaiy artery rings Mi without (Fig. 7 B) and with endothelium 
(Fig. 7 C & D), The magnitn<& of these coatfaclioDs were 195 g or 
95% of the response to 40 mM KCI with(^endotfcelhnnandl76gor 
75% of (be response to KQ In the Game vessel with intact en AMhelitraa, 



Thrombin plays QviMroieto many aspect* of *om& temostaste 
(reviewed is 1$). It is a prccoagulaat et&yme, me<Mag &e convey 
e&a of Sbrinogefl to fibrin and the activation of Fcctota V and VBt, 
thereby ^onwting Jts o w a jprwSuctica, Tlirtffiibia can olso ea as o f eod- 
tetk inhibitor of its own production by ectmting the aataral anti- 
coagulant, protein C (17). It also directly activates platelets Qitd many 
other cell typea via a cell surfeoe j^cepto^O)* Wkh^cjcQin^ex- 
pfeasiofl and elucidation of tha mechaolsm of activation of a human 
thfotf bin receptor on megak^ryocytic-like eeJlo (4) k became possible 
to djrectiy examine Ovation of fois fcfombin receptor on plaf efcts and 
othe; cdb without intei&redc^ 

According to foe proposed ftcduudsm of activate of ibis receptor 
(4) peptides derived from the ivariy created nmko terminus should 
activate platelets directly via this txeptox. In foe current studies m 
examinsd the ability of peptides derived from the amino bead eequence 
deduced fom the done of the human or rodent thrombin receptor to 



found that in addition tofeumaapfcrtelots only &09£ fcofli primates aed 
the guinea pig (Table 1 ) {oily aggregated to response to these peptides. 
This result la in agreement with the findings of KJnJkragn -Sathbone et 
al. (18) and C&talforao et al. (19)» The non-flggtegating platelets from 
the dog, rat, rabbit end hamster, however, were phy«lologicaUy compe- 
tent as they &d aggregate in response to other Qgooto anch os ADP or 
collagen. They also hftve a ehrombui receptor, as tbey aggregated io 
sponge to tannan Ihwwnbin (Kg. 2). Tha platelets are partially activated 



by the peptides derived from the thrombin, receptor, as the platelets 
from all species tested (except the rat) underwent a shape ens age in 
response to these peptito. 

The precise mechanistic baste for the inability of the peptides with 
sequence* derived £tom the human thrombin receptor to promote fiill 
aggregation of platelets &m the non-prfnaate species is unknown. It is 
wililcely that the inability the human receptor peptides to promote 
fill) a^gation of platetete from many species hs due simply to a lower 
affinity of the same thj^rabm receptor for ihese peptides (all of which 
My respond to thrombin). Klnlough-Rathbone at A (18) tested flho 
effect of 100 pM of the thrombin receptor peptide svith the njxisaal 
speoes, a 20-foJd i&c&m over the amount Required to promote M 
aggregation of htnnan platelets. In she correct studies on SQtMbld 
excess of pepude over thas which Induced full aggregation of toman 
platelets in plasms was unable to eiidt aggregation of platelets from 
jioiKespoaoing species. The feet; of aggregation in response to a coo- 
oenbfatlOOtfpspti^ 

required to promote full aggregation of human plafefets suggests that 
the receptors are pharmacologically tfottoct between spodes, Lafewise, 
because sljaps c3ian^s a30d uct aggrajBtiosi was provoked by &e recep- 
tor peptides fa several noo-pdnnate species, ptoraawlogically distinct 
Khtombin receptors within toe species receptors my mediate ffease 



An aldomative explanation for the lack of aggregation of platelets 
from many species could be explained by a high amount ofamiao- 
peptidase U octfrity iu plasma firom fee non-gosposufiitg species which 
would cleave the amino terminus serine from the activating peptides, 
thereby rendering thorn inactive as described by Cofler et ol (20), Thi? 
is however, unlfeely, tecatise inenbatten of the peptides with platelet 
rich ptooa from the various DouKespofldlflg opecies did oot xe»der 
them mcapabb of promoting aggregation of human platelets (not 
shown). In odditioa, a& m peptide concentration e^mined 000 uM) 
tho peptidase activity wcnld have co hydjcolyye exorc lhaa 99.9^ of tha 



The lack of aggregation responee of platelets fhxn sow spades to 
&e receptor peptides is mlMy due to a differ in thrombin tfcep- 
to ihnt k siniqtie to fha acfl-rsspaudln| spedes w to pteto wathk a 
given specks. It ooaU he argued thai the platelets Croft lbs mm-re- 
spending &pe4es do sot Qggxogat? because the p&quenoe of their 
thrombin raceptoi k foe region of the tethered ligand is different at 
come critical &$iddd, and therefor their activating pep&te mM be 
different than that of the humaih&rived peptids. S trudsige activity stu- 
dies (54, 21) indicate that the oecond fesidw of the acdvattng Qgahist 
pcj)tkks h ihe Eftost etitlcal fo? agonist activity. Several pj&to at cp 
to 800 ukl with $tibstituik«is to this teridiK^andinre^es3and4dW 
not promote pXatekt nggregatiofli of the non^e^diag specjea, whOe 
being e&ectiYe agonists far human platelet aggregation (Table 2), 
Cloning of the thj^enbia receptor from rodents, including hamster (3J, 
mouse (14), and rat <15), revealed o oubsGtution of a Pfee fcif L$u at 
fiw Surd residue, Slides of 5 so W )fesidues in length derived from 
tha aaraster receptor sequence stimulated the aggregation Of human 
platelets, but fee effect of this peptide on plate&eta from o&er species, 
racludtag hamster, wca not previously reported (22), We found that a 
7 or 1 7 residue hamster receptor peptide was joearly as effectivd as (he 
human seqneace to promote aggregation of bMUiinptatelei^b^ntap^ 
SOO uM did m provo&e aggregation of platelets £rom hamster the 
species &om wntcb these paptjdes were derived (see Fig, 3). Tfes 1^ 
of a tesponae of fhz hamster pla telets to tbc hamster-tferivd sequence 
is inconaiste&t triih this simple explanation and suggests a more com- 
plex mechanism of receptor activation. 
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were moved dose to a perfusion pipette containing standard extracellular 
solution supplemented with Cu(n)(l,10-phenanthroline) 3 at different concen- 
trations. A Cu(n)( l,10-phenanthroline) 3 stock solution was made by dissolving 
150 mM CuS0 4 and 500 mM 1,10 phenan thro line in 4:1 water/ethanol. After 
reaching steady-state conditions, cells were moved to another perfusion pipette 
with standard extracellular solution containing 1 mM DTT. Current modifica- 
tions under oxidizing and reducing conditions were observed as described for 
the MTS experiments. The time course was fit with a single exponential giving 
the time constant of modification. 

To determine block by intracellular Cd 2+ , Cd 2+ was added in variable 
concentration to a modified intracellular solution devoid of EGTA containing 
(in mM): NaCl 140, MgCl 2 2, HEPES 10, pH7.4; Initially, the voltage 
dependence of the instantaneous current amplitude after a 300-ms prepulse to 
+75 mV was obtained on inside-out patches in standard intracellular solution. 
Then the Cd 2+ -containing solution was applied by moving the patch into the 
stream of a perfusion pipette. The time course of the block was determined by 
repetitive pulsing. After reaching a steady-state value, the voltage dependence 
of the instantaneous current amplitudes was measured with the patch pipette in 
the solution stream and shortly after switching to standard intracellular 
solution. Relative block was obtained by dividing the current amplitude at the 
end of the prepulse before and after Cd 2+ application. 

Data were analysed with a combination of PClamp (Axon Instruments) and 
SigmaPlot (Jandel Scientific) programs. All data are shown as means ± s.e.m. 
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Platelet-dependent arterial thrombosis triggers most heart 
attacks and strokes. Because the coagulation protease thrombin 
is the most potent activator of platelets 1 , identification of the 
platelet receptors for thrombin is critical for understanding 
thrombosis and haemostasis. Protease-activated receptor- 1 
(PARI) is important for activation of human platelets by throm- 
bin 2 " 6 , but plays no apparent role in mouse platelet activation 7 " 9 . 
PAR3 is a thrombin receptor that is expressed in mouse 
megakaiypcytes 10 . Here we report that thrombin responses in 
platelets %6m >PAR3-deficient mice were markedly delayed and 
diminished but not absent. We have also identified PAR4, a new 
thipmbin-activated receptor. PAR4 messenger RNA was detected 
in mouse megakaryocytes and a PAR4-activating peptide caused 
secretion and aggregation of PAR3 -deficient mouse platelets. 
Thus PAR3 is necessary for normal thrombin responses in 
mouse platelets, but a second PAR4-mediated mechanism for 
thrombin signalling exists. Studies with PAR-activating peptides 
suggest that PAR4 also functions in human platelets, which 
implies that an analogous dual-receptor system also operates in 
humans. The identification of a two-receptor system for platelet 
activation by thrombin has important implications for the devel- 
opment of antithrombotic therapies. 

PAR3-deficient mice (Fig. 1) developed normally and showed no 
spontaneous bleeding. Haematocrit, platelet counts and bleeding 
times" were indistinguishable from those of wild-type mice (data 
not shown). However, thrombin responses in PAR3 -deficient plate- 
lets were markedly abnormal (Fig. 2). Wild-type platelets secreted 
their granule contents and aggregated reliably to 1 nM thrombin. In 
contrast, PAR3 -deficient platelets were virtually unresponsive to 1 
and 3nM thrombin; lOnM thrombin elicited delayed responses 
from PAR3 -deficient platelets (Fig. 2) and the level of secretion 
eventually achieved by PAR3-deficient platelets was decreased 
compared with that in wild-type platelets. Even at 30 nM thrombin, 
the secretion response in PAR3-deficient platelets was delayed, but 
the level of secretion ultimately reached was comparable to that seen 
in wild-type platelets (Fig, 2). Secretion and aggregation in response 
to U46619, an agonist of the thromboxane receptor, were indis- 
tinguishable in wild- type and PAR3 -deficient platelets even at 
submaximal agonist concentrations (data not shown). Thus PAR3 is 
necessary for normal responsiveness to thrombin in mouse platelets. 

However diminished, thrombin responses did persist in PAR3- 
deficient platelets. What mediates these responses? The prototypical 
thrombin receptor PARI (ref. 2) plays no role in activation of mouse 
platelets by thrombin 9 , and PAR3-deficient platelets, like wild-type 
platelets 7-9 , did not respond to PARI -activating peptide (data not 
shown). Persistent thrombin signalling in PAR3-deficient platelets 
therefore suggested the presence of an as yet uncharacterized 
thrombin receptor — perhaps another PAR family member. A 
GenBank BLAST search for PAR-related sequences revealed an 
EST (for expressed sequence tag) encoding an 11-amino-acid 
sequence that was 73% identical to the cognate sequence in PAR2. 
Because this region is conserved among PARs, a full-length com- 
plementary DNA was obtained. This cDNA (GenBank accession 
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number AF080215) encoded a 397-amino-acid protein, now desig- 
nated PAR4, that was most closely related to human PAR3, with 
30% amino -acid sequence identity. Proteases activate PARs by 
cleaving their amino-terminal exodomains to unmask a new 
amino terminus that then serves as a tethered ligand, binding 
intramolecularly to the body of the receptor to effect transmem- 
brane signalling 2,12,13 . Examination of PAR4's amino-terminal exo- 
domain revealed a putative thrombin cleavage site (Fig. 3) that was 
identical to the thrombin cleavage site in rat PARI (ref. 14). 
Expression of PAR4 in Xenopus oocytes did confer robust signalling 
to thrombin, but, at least in this system, PAR4 required higher 
thrombin concentrations than did the well-studied thrombin 
receptor PARI (Fig. 3). Thrombin cleaved a Flag epitope fused to 
PAR4's amino terminus 15 from the surface of PAR4- expressing 
oocytes, and active site-inhibited PPACK thrombin 16 did not 
cause cleavage or signalling (data not shown), which is consistent 
with a proteolytic activation mechanism. PAR4 signalling was 
relatively thrombin -specific; among the related arginine/lysine- 



specific proteases tested, only thrombin and trypsin elicited sig- 
nificant responses (Fig. 3). 

Synthetic peptides that mimic the tethered ligands of PARI and 
PAR2 function as agonists for their respective receptors and have 
been used as pharmacological tools to probe the function of these 
receptors in various cell types 2,5,6 ; the cognate peptide for PAR3 
appears to be insufficiently active to function as a free ligand 10 . The 
location of the putative thrombin cleavage site in PAR4 predicted 
that the sequence GYPGKF would serve as PAR4's tethered ligand, 
implying that a synthetic peptide of the same sequence might 
function as a PAR4 agonist. As predicted, this peptide activated 
PAR4-expressing Xenopus oocytes but not uninfected or water- 
injected oocytes (Fig. 3 and data not shown). In the thrombin 
receptors PARI and PAR3, the phenylalanine in the second position 
of the tethered ligand (a tyrosine in the PAR^ractivating peptide) is 
critical for the function of this domain 5,6,10 . Accordingly, the 
synthetic peptide GAPGKF had no activity at PAR4 (Fig. 3). 
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Figure 1 Generation of PAR3-deficient mice, a, Gene-targeting strategy. A 
replacement vector 25 was used to substitute a neomycin phosphotransferase 
expression cassette (Neo) for Par3g exon 2, which encodes the entire PAR3 
protein except for its signal peptide. Wavy line represents plasmid backbone; TK, 
HSV thymidine kinase expression cassette, b, Southern-blot analysis of BglW- 
digested genomic DNA from the tails of pups derived from Par3g*'~ matings using 
3' flanking probe (a). Targeting removed an endogenous BglW site and introduced 
a newfioVII site.The 4.0-kb and 5.5-kb bands correspond to wild-type and targeted 
alleles, respectively, c, Northern-blot analysis of Par3g*'* and Par3g~'~ mouse 
spleen mRNA using Par3g exon 2 probe and 0-actin probe to control for lane 
loading, d, Flow cytometric analysis of wild-type and Par3g~'~ platelets for PAR3 
protein. Platelets were incubated with preimmune IgG (narrow line) or PAR3 IgG 
(wide line). Bound IgG was detected with FITC-la belled 2° antibody 23 . Each figure 
represents an analysis of 10,000 events. Note lack of surface PAR3 in Par3g~'~ 
platelets. 




100 200 
Time (s) 



100 150 200 250 
Time (s) 



S >600 



P 



100 



10; 



o 



#+/+ stirred 
♦+/+ unstirred 
O -/- stirred 
O -/- unstirred 



o 

<>9> 



10 30 




a-thrombin (nM) 



13 10 30 
a-thrombin (nM) 



Figure 2 Thrombin responses in PAR3-deficient platelets, a, Aggregation and 
secretion of wild-type [Par3g* h ) and PAR3-deficient [Par3g~ l ~) platelets to 1 nM 
(left) and 10 nM (right) a-thrombin. Platelets were stirred and exposed to thrombin 
at 0 s. Similar results were obtained with five separate platelet preparations, b, 
Time to half-maximal secretion. Par3g* { * (filled symbols) and Par3g~'~ (open 
symbols) platelets were stirred (circles) or left unstirred (diamonds) in a 
lumiaggregometer. Time to 50% of the peak response elicited by each of the 
indicated concentrations of thrombin was measured. Unstirred platelets did not 
aggregate. At each thrombin concentration, each point represents the response 
of a separate platelet preparation. Points at >600s had no measurable secretion 
at 10min. c, Dose response o\Par3g* h (filled circles) and Par3g~'~ (open circles) 
platelets. Unstirred platelets were exposed to various concentrations of thrombin 
and peak ATP secretion was measured. Values are the mean responses (± 
s.e.m.) of three separate platelet preparations. Some error bars are obscured by 
the symbols. 
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Figure 3 PAR4 amino-acid sequence and signalling properties, a, Sequence of 
PAR4 aligned with PAR3 and PARI, the two known mouse thrombin receptors. 
Regions of amino-acid identity are boxed. The .11 amino acids of EST 400689 are 
overlined. b, Features of the amino-terminai exodomains of mouse thrombin 
receptors. The predicted thrombin cleavage. site in PAR4 (/) is aligned with the 
known sites in PARs 1 and 3. The predicted or known tethered iigand sequences 
that are unmasked by receptor cleavage are underlined, as are amino-acid 
sequences resembling hirudin's carboxyl tail. The latter sequence in human PAR 1 
binds to thrombin's fibririogen-binding exosite in a similar way to hirudin's C- 
tail' 2 - 26 - 27 . c, Thrombin activation of PAR4 and PARI. Agonist-triggered 45 Ca release 
was measured in Xenopus oocytes expressing mouse PAR4 and human PARI 
tagged at their amino termini with a FLAG epitope 15 . Data are mean ± s.e.m. 

Taken together, these data show that PAR4 is a functional protease- 
activated receptor that is capable of mediating thrombin signalling. 

Northern-blot analysis of mouse tissues revealed a relatively high 
level of expression of PAR4 in spleen, trace expression in heart, lung, 
skeletal muscle and kidney, and no detectable expression in brain, 
liver or testis (data not shown). In situ hybridization of spleen and 
bone marrow revealed that, like PAR3 (ref. 10), PAR4 mRNA is 
expressed in mouse megakaryocytes (Fig. 4). Finally, GYPGKF, a 
PAJl4-activating peptide, activated both wild- type and PAR3 -defi- 
cient mouse platelets, whereas the mutant GAPGKF peptide had no 
activity (Fig. 4 and data not shown). These data suggest that PAR4 
functions in both wild- type and PAR3 -deficient mouse platelets and 
is likely to be responsible for the residual thrombin signalling seen in 
the latter. 

The characterization of a dual thrombin receptor system in 
mouse platelets leads to the question of whether a similar system 
operates in human platelets. Unlike mouse platelets, thrombin 
signalling in human platelets is mediated at least in part by PARI 
(refs 2-6, 12). A role for PAR3 in human platelets has not been 
demonstrated, but pharmacological studies have suggested that 
PARI -independent mechanisms for activating human platelets 
may exist 3,17 " 20 . We have identified a human PAR4 cDNA (GenBank 



{n - 4) and are expressed as the fold increase over baseline for each receptor. 
Surface expression of PAR4 measured with anti-FLAG monoclonal antibody was 
1.8 times that of PARI. Similar signalling data were obtained with untagged 
receptors, d, Specificity of PAR4 activation by proteases and peptides. ^Ca 
release by oocytes expressing PAR4 was measured in response to the indicated 
active proteases (all at 5 nM except trypsin (0.5 nM)) or to the synthetic peptides 
GYPGKF and GAPGKF (each at 500fi.M). Uninjected and buffer-injected oocytes 
did not respond to proteases or peptides at these concentrations. Data are 
mean ± s.e.m. [n = 3) and are expressed as a percentage of the maximum 
response to thrombin. In the experiment shown, thrombin caused a 33-fo!d 
increase in ^Ca release. These experiments were replicated at least twice. 



accession number AF080214) and studies using polymerase chain 
reaction (PCR) after reverse transcription of RNA suggest that it is 
expressed in human platelets (M.L.K., M. Nakanishi-Matsui and 
S.R.C., manuscript in preparation). In addition, both SFLLRN, a 
PARI -activating peptide, and GYPGKF, a PAR4-activating peptide, 
activated human platelets; the mutant peptide GAPGKF did not 
(Fig. 4). The potency of these pharmacological tools for platelet 
activation correlated with their potency at their respective receptors 
in the oocyte system. GYPGKF activated human platelets at a 
threshold concentration of 300-500 |xM and PAR4-expressing 
Xenopus oocytes with an EC 50 (effector concentration for a half- 
maximal response) of 30 uM. SFLLRN activated human platelets at 
a threshold concentration of 1-3 jxM and PARI -expressing oocytes 
with an EC 50 of 0.3 uM. SFLLRN showed no activity on PAR4- 
expressing oocytes and GYPGKF showed little activity on PAR1- 
expressing oocytes (<8% of maximal PARI activation even at 
500 u,M GYPGKF, data not shown). Lastly, GYPGKF activated 
PARI -desensitized platelets (Fig. 4). These data suggest that PAR4 
functions in human platelets. 

In summary, PAR3 is necessary for normal thrombin signalling in 
mouse platelets but PAR4, a newly characterized thrombin receptor, 
also contributes. Human platelets also seem to use at least two 
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Figure 4 Expression of PAR4 in mouse megakaryocytes and evidence for PAR4 
function in mouse and human platelets, a, In situ hybridization of mouse spleen 
for PAR4 mRNA. Bright-field photomicrograph shows silver grains overlying a 
megakaryocyte. Sense-probe controls were negative, b, GYPGKF, a PAR4- 
activating peptide, activates wild-type and PAR3-deficient mouse platelets. 
Stirred wild-type and PAR3-deficient platelets were exposed to GYPGKF 
(500 n.M) at Os and aggregation was measured. Under the same conditions^no 
response to the control peptide GAPGKF was obtained (data not shown). This ' 
experiment was repeated three times, c, PAR4-activating peptide 'activates 

receptors, PARI and PAR4, for thrombin signalling. Why might a 
two-receptor system for platelet activation by thrombin exist? It 
may simply provide redundancy in a pathway important for 
haemostasis. More interestingly, it may; provide a mechanism for 
responding to proteases other than thrombin or to thrombin itself 
over a wider range of concentrations? for signalling with different 
tempos, for activating distigct*dowhstream effectors, or for allowing 
differential regulation of receptor levels or function. The identifica- 
tion of this receptor system provides a framework for further 
defining the roles arid relative importance of distinct PARs in 
platelets and other cells and for refining strategies for pharmaceu- 
tical development. For example, it may be necessary to block both 
PARI and PAR4 in human platelets to achieve an antithrombotic 
effect. Alternatively, the existence of a second receptor may provide 
a; useful" margin of safety for such potentially powerful therapeutic 
agents and/or the ability to block selected in vivo responses to 
thrombin. 

Note added in proof. While this manuscript was in press, the 
identification of human PAR4 was reported independently 28 . □ 

Methods 

Inactivation of the gene encoding PAR3 [Par3g). A bacterial artificial 
chromosome (BAC) that contained Par3g was obtained by PCR screen of a 129/ 
SvJ mouse genomic library (Genome Systems). A 6.5-kilobase (kb) 
BamHUEcoRl fragment 5' of exon 2 and a 2.0-kb BgUMBamHl fragment 3' 
of exon 2 were cloned into the pNTK vector 21 to create the targeting vector 
(Fig. la). A 0.8-kb Ndel fragment of Par3g 3' of the short arm of homology was 
used as a probe to identify both the wild-type and targeted alleles (Fig. la). RF8 
ES cells 22 (129/SvJae) were electro p orated with the targeting construct and 
clones that were resistant to G418 and FIAU were selected and screened by 
Southern blot. A highly chimaeric male mouse that was derived using Par3g +, ~ 
ES cells was bred to C57B1/6 females to generate approximately 50 F! Par3g +, ~ 
mice. All experiments reported here were performed using the F 2 offspring of 
these mice. 

Northern blot analysis. Poly(A) + RNA (3 jig) from wild-type and Par3g~'~ 
mouse spleens was electrophoresed on a denaturing gel, transferred to 
reinforced nitrocellulose membrane (Schleicher & Schuell), and hybridized to a 



human platelets) Naiye^Kuman platelets were exposed to the PARI agonist 
SFLLRN (3 p.M)\fe PAR4 agonist GYPGKF (500 ^M) or the mutant peptide 
GAPGKF "(500 ]lU j^and aggregation was measured, d, PAR4-activating peptide 
activate s\PAR1 -desensitized human platelets. SFLLRN-desensitized platelets 
f(s^Mkhods) were exposed to either SFLLRN (500 \xM) or GYPGKF (500 ^M) 
and aggregation was measured. This experiment was replicated three times 
using platelets from two different donors. Note that GYPGKF activates naive and 
PARI -desensitized human platelets. 



600-base-pair (bp) EcoKUSaH PAR3 exon 2 probe under high stringency. 
Row cytometry. Washed mouse platelets were resuspended in platelet buffer 
(20 mM Tris-HCl pH 7.4, 140 mM NaCl, 2.5 mM KCl, 1 mM MgCl 2 , 1 mg ml" 1 
glucose, 0.5% BSA, 1 pM PGE, and 5 mM EDTA), incubated with 10 p,g ml" 1 of 
anti-PAR3 IgG 23 at 4°C for 1 h, washed, and then incubated with FITC- 
conjugated goat anti-rabbit IgG (Molecular Probes) at 4|xgmi" 1 for 30min. 
Platelets were then washed three times and analysed by flow cytometry. 
Platelet aggregation and secretion. Blood was collected into citrate buffer 
from the inferior vena cava of pentobarbital- anaesthetized mice. Blood from 
3-4 Par3g l ~ mice or their wild- type littermates was pooled for each platelet 
study. Platelet-rich plasma was prepared by centrifugation of whole blood at 
200g for 7min. EDTA (10 mM) and PGEi (lp-M) were then added and 
platelet-rich plasma was centrifuged at 500 £ for lOmin. Platelets were then 
washed in platelet buffer containing 1 mM EDTA and 1 jxM prostaglandin 
PGEj, collected by centrifugation, resuspended to an OD^ of 1.0 (—2.5 X 
10 8 platelets per millilitre) in platelet buffer lacking EDTA and PGE ls and 
incubated on ice for 30 min before use. Calcium chloride was added to a final 
concentration of 2mM and aggregation and secretion were measured in a 
Chrono-Log lumiaggregometer. Platelet suspension (300 ul) was added to the 
aggregometer chamber and change in light transmission after addition of 
agonist was followed. Results are expressed as the change (A) in light 
transmission, defined as the per cent increase in light transmission over that 
of the unactivated platelet suspension, with 100% representing light transmis- 
sion of platelet buffer alone. Platelet ATP secretion was measured by adding 
luciferase (880 units per millilitre) and luciferin (8 jig ml -1 ) to each sample; the 
luminescence generated by platelet -released ATP was compared with that of an 
ATP standard. Human blood was drawn from the antecubital vein; otherwise 
human platelets were prepared in a manner identical to mouse platelets. For 
PARl-desensitization studies, human platelets that were resuspended from the 
first platelet pellet were incubated with 100 p,M SFLLRN peptide at room 
temperature for 5 min without stirring, and then washed and resuspended as 
above. 

Cloning of PAR4. Mouse EST 400689 was identified by BLAST search of the 
NCB1 EST database using the coding region of human PAR2. The EST was 
sequenced and found to encode the carboxy-terminal 32 amino acids of a 
presumed G- protein -coupled receptor. A full-length cDNA was obtained by a 
combination of 5' rapid amplification of cloned ends (RACE) using cDNA 
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from mouse embryo at day 14-15 (Marathon cDNA, Clonetech), and PCR of 
cDNA from a mouse brain endothelial cell line (bEND cells, W. Risau). A BAC 
mouse genomic clone was obtained from Genome Systems. The sequence of the 
cDNA (Fig. 3) and genomic clones were consistent. Human PAR4 was cloned 
from K562 mRNA by RT-PCR using primers based on mouse PAR4 sequence. 
Functional studies in Xenopus oocytes. cDNA encoding Flag-epitope- 
tagged PAR4 (ref. 15) was constructed such that the Flag epitope was followed 
by amino-acid 18 of PAR4. Epitope- tagged and wild-type PAR4 cDNAs in 
pFROG 2 were transcribed in vitro and Xenopus oocytes were microinjected with 

0. 5.5.0 ng of PAR4 cRNA and 25 ng of PARI cRNA per oocyte. Agonist- 
triggered 45 Ca mobilization, a reflection of phosphoinositide hydrolysis in these 
cells, was measured 2,24 . 

In situ hybridization. In situ hybridization 10 was done using sense or antisense 
35 S-riboprobe transcribed from mouse PAR4 cDNA in pBluescript II SK. An 8- 
week exposure is shown. 
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Much attention has focused on the aetiology of oxidative 
damage in cellular and organismal ageing 1 " -4 . Especially toxic 
are the reactive oxygen byproducts of respiration and other 
biological processes 5 . A mev-l(knl) mutant of Caenorhabditis 
elegdns Has been found to be hypersensitive to raised oxygen 
concentrations 6,7 . Unlike the wild type, its lifespan decreases 
dramatically as oxygen concentrations are increased from 1 to 
60% (ref. 7). Strains bearing this mutation accumulate markers of 
ageing (such as fluorescent materials and protein carbonyls) faster 
than the wild type 8,9 . We show here that mev-1 encodes a subunit 
of the enzyme succinate dehydrogenase cytochrome b, which is a 
component of complex II of the mitochondrial electron transport 
chain. We found that the ability of complex II to catalyse electron 
transport from succinate to ubiquinone is compromised in mev-1 
animals. This may cause an indirect increase in superoxide levels, 
which in turn leads to oxygen hypersensitivity and premature 
ageing. Our results indicate that mev-1 governs the rate of ageing 
by modulating the cellular response to oxidative stress. 

Three-factor crosses using visible genetic markers placed mev-1 
between unc-50{e306) and unc-49{e382) on chromosome III 
(Fig. 1). We tested cosmids from this region for their ability to 
rescue mev-1 mutants from oxygen hypersensitivity after germline 
transformation 10 . Cosmid T07C4, but not C38H2, M03C1 1 or other 
cosmids, was able to rescue the mev-J mutant phenotype (Fig. 1). By 
testing various subclones from this cosmid, we identified a 5.6- 
kilobase (kb) fragment that also restored wild-type resistance 
(Figs 1, 2). Rescue was essentially complete with respect to both 
oxygen hypersensitivity (Fig. 2a) and premature ageing (Fig. 2b). 
This fragment includes an open reading frame containing the 
conceptual gene cyt-1, which is homologous to the bovine succinate 
dehydrogenase (SDH) cytochrome b 56Q (ref. 11; GenBank accession 
number L26545 for C. elegans and S74803 for bovine, respectively). 
We found that the mev-J (knl) strain contained a missense mutation 
resulting in a glycine- to- glutamic acid substitution in cyt-1 (Fig. 3). 
This mutation created a restriction fragment-length polymorphism 
that enabled the restriction enzyme Mrol to cleave wild-type DNA 
but not mev-1 DNA at position 323. As predicted from the 
sequences, digestion by Mrol of the products of polymerase chain 
reaction with reverse transcription (RT-PCR) yielded two bands 
from wild type (N2), one band from mev-1 (knl) and three bands 
from transgenic animals (knl;knls2) (Fig. 1). This confirms that the 
wild- type cyt-1 gene that we introduced into the mev-1 strain was 
expressed and that rescue was achieved by this gene. We also 
confirmed that a 2.8-kb wild-type PCR product of this gene, 
including regions from 1,566 bases upstream and 537 bases down- 
stream, rescued mev-1 (Fig. 1). 
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